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Abstract: Improving crop yields arises as a solution to ensure food security in the future scenarios of
a growing world population, changes in food consumption patterns, climate change, and limitations
on resources allocated to agriculture. Defining traits that can be reliable cornerstones to yield
improvement and understanding of their interaction and influence on yield formation is an important
part of ensuring the success of breeding programs for high yields. Traits that can drive yield increases,
such as light interception and conversion efficiency, as well as carbon assimilation and allocation, were
intensively phenotyped in a double-haploid wheat mapping population grown under field conditions
in the UK. Traits were analysed for their correlation to yield, genetic variation, and broad-sense
heritability. Canopy cover and reflectance, biomass production, and allocation to stems and leaves, as
well as flag leaf photosynthesis at a range of light levels measured pre- and post-anthesis correlated
with plant productivity and contributed to explaining different strategies of wheat lines to attain
high grain yields. This research mapped multiple traits related to light conversion into biomass.
The findings highlight the need to phenotype traits throughout the growing season and support the
approach of targeting photosynthesis and its components as traits for breeding high yielding wheat.
Keywords: Triticum aestivum; crop improvement; physiological breeding; photosynthesis;
productivity; food security
1. Introduction
Global food security is defined as a situation where all people at all times have access to safe,
nutritious, and affordable food that provides the foundation for active and healthy lives [1]. Ensuring
food security in the near future is challenging, particularly when considering the predicted scenarios of
a growing world population [2], changes in food consumption patterns [3], extreme climatic events [4],
and the need for the sustainable use of resources in agricultural activities [5].
Increasing food production is one of the alternatives to ensure that food availability is kept ahead
of the food demand. Food production can be increased by: the expansion of croplands, intensification
of land use, and increase in yields. Increasing yields might be responsible for around 77% of food
production increases by 2050 [6]. In opposition to the required yield increases, a trend of stagnating
yields has been observed for the main crops around the world [7].
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For rice, maize, wheat, and soybean, which represent two-thirds of the total caloric intake
worldwide [8], yields have stagnated since around 2002, with increases in production being pushed
by expanding the cultivated land area for these crops [7]. For wheat in the UK, yields have stagnated
at around 8 t ha−1 since 1996 [9]. Understanding yield formation and dry matter accumulation is
therefore crucial to revealing new target traits, from canopy to molecular levels, to be exploited in the
process of breeding for high yields [10].
Yield formation is a process of energy conversion and accumulation. The radiative energy
available in sunlight is intercepted by plants and converted during photosynthesis to molecules that
can be stored in the form of dry matter and allocated to plant organs [11]. Therefore, crop yield
potential (Yp) is a function of the incident sunlight radiation (RAD) and the efficiency of the plant to
intercept (εi) and convert (εc) light into biomass, as well as the efficiency of partitioning of the biomass
(εp) to the organ of economic interest (e.g., the grain): Yp = RAD · εi · εc · εp [12].
The Green Revolution was very successful in increasing wheat yields by using genes encoding for
the dwarfing of plants [13]. This provided a higher efficiency in allocating plant biomass to the grain
during grain filling, which led to an increase in the harvest index [14]. It was also related to an increase
in the area covered by leaves and the speed of canopy closure, which improved interception efficiency.
However, the potential increases in interception and partitioning efficiency are currently limited in
wheat as εi and εp have reached values close to their theoretical limits [15]. Therefore, although solar
radiation is not manageable, εc improvement is still a target for increasing yield potential.
εc is related to all the steps involved in the conversion of intercepted light to molecules that
can be stored in the form of biomass, or the light use efficiency (LUE). LUE is the ratio of net
primary productivity (NPP) to intercepted photosynthetically active radiation (PAR) [16] or simply
the crop photosynthetic efficiency [17]. At current atmospheric conditions, C3 photosynthesis has
a theoretical maximum efficiency of 4.6%. However, the practical efficiency is around 2% and the
average, in field conditions, is less than 1%, showing potential for improvement [18]. Possible strategies
to improve photosynthesis, and consequently light use efficiency, include overcoming the limitations
imposed on the photosynthetic process, such as: CO2 diffusion and concentration, the regeneration of
Calvin-Benson cycle intermediates, Rubisco efficiency, and light reactions [19].
There is a multitude of plant traits, at different plant structural levels, that may contribute to yield
improvement. Selecting possible targets can be a challenging and confusing process, although there
are some directions that can be taken to make the process more efficient. The selection of target traits
for breeding for high yields needs to be based on: (a) the correlation between the trait and yield; (b) the
variation of the trait for the species or within a population thereof; (c) the trait stability (heritability);
and (d) the influence of the genetic x environment interaction on the trait [20]. Although the selection
of traits to focus on is a crucial step for the breeding of high yielding genotypes, understanding
interactions and trade-offs between traits, as well as their behaviour along the crop cycle, has an
important role in defining yield improvement strategies.
This research aimed to identify the main yield drivers, and their interaction, for a double-haploid
wheat mapping population grown in the UK. The phenotyping was based on the yield formation
equation and the processes associated with the three efficiencies, εi, εc, and εp, with a focus on εc,
due to its greater scope for improvement. The contribution of multiple traits assessed throughout the
growing season to wheat productivity and their interaction to define different strategies to attain high
grain yields are discussed.
2. Materials and Methods
2.1. Plant Material and Field Experiments
A mapping population comprised of double-haploid lines (DHL) generated by Syngenta
(Cambridge, UK) was used. For the selection of the population, 12 wheat cultivars were used,
including 11 parents of mapping populations available at Syngenta (Cassius, Gallant, Gatsby, Hereford,
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JB Diego, KWS Kielder, KWS Santiago, Panorama, Player, Revelation, Stigg and SY Epson), and
Gatsby, used as an internal control, having been extensively characterised in previous studies. The
12 cultivars were grown in a randomized block design experiment with four replicate plants per
cultivar distributed into four blocks. The experiment was conducted in August/September 2014
at Rothamsted Research, under glasshouse conditions (26/20 ◦C, day/night temperatures and no
control of day length) with one plant per pot (biological replicate). Plants were screened for their
photosynthetic traits, leaf characteristics, and biomass production at the end of the tillering growth
stage. The youngest fully-expanded leaf in five-week old plants of the 12 cultivars was analysed with a
portable infra-red gas analyser (IRGA) system (LI-6400XTR and leaf chamber 6400-40; LI-COR, Lincoln,
NE, USA) for net CO2 assimilation at 25 ◦C, ambient CO2 concentration (400 µmol CO2 mol−1 air),
and at a high light level of 1500 µmol photons m−2 s−1. Subsequently, the leaf area and dry weight of
the leaf used for gas-exchange measurements were determined, as well as the total above ground plant
biomass (dry weight, g). Rates of net CO2 assimilation at ambient CO2 and high light, specific leaf
area, and aboveground biomass were used to select the two parents of the mapping population for this
study (Figure 1). Parent 1 was characterised by high rates of net CO2 assimilation and aboveground
biomass production, and a low specific leaf area, while parent 2 had low rates of net CO2 assimilation
and aboveground biomass production, and a high specific leaf area. It was anticipated that a high
level of genetic variation for the traits of interest would be present in a population having parents with
contrasting phenotypes, which would enable the dissection of traits driving the grain yield.
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Figure 1. Relationship between the net CO2 assimilation at high light and ambient CO2 (A) and
(a) total aboveground plant biomass (dry weight, DW) or (b) specific leaf area (SLA) of the leaf
used for photosynthesis measurements. Conditions for infra-red gas analysis were: reference CO2 =
400 µmol mol−1, PPFD = 1500 µmol m−2 s−1, and block temperature = 25 ◦C. Values are means of four
replicate plants.
The double-haploid mapping population, comprising the two parents and 119 lines, was grown at
the Rothamsted Research farm, in Harpenden, UK, between 2014 and 2015 (sown 20 October 2014 and
harvested 23 August 2015). The experiment was planted in the Pastures field, in a typical Batcombe
soil [21], after an oilseed rape crop, in 2 × 1 m (2 m2) plots of six rows, with a sowing rate of 350 seeds
m−2, and organized in three randomized blocks. To obtain powerful comparisons and to assess spatial
variation over the whole experiment (32.5 × 73.75 m), the parents were replicated six times in each
block. Commercial cultivars Avalon, Brompton, Cadenza, Gatsby, and Gladiator were also included
(once per block) for comparison as controls. The application of fungicides, insecticides, and herbicides,
as well as fertilizers, followed Rothamsted farm practices.
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2.2. Crop Development
The date at which half of the plants in a plot reached a given growth stage [22] was monitored
throughout the growing season. The frequency of crop development monitoring depended on the
crop stage, being less frequent when crop development was slower (from tillering (Z2) to booting
(Z4) stages) and more frequent when crop development was faster (from booting (Z4) to dough
development (Z8) stages). Senescence was measured from anthesis to the end of the season using the
wheat senescence scale [23].
2.3. Phenotyping
A full set of measurements was taken at three specific development stages: vegetative growth
(Veg—Z3.2), pre-anthesis (Pre-A—Z4.5), and seven days post-anthesis (Post-A—Z6.5+7 days). Other
measurements were taken more frequently throughout the growing season, as detailed below.
Leaf cover: horizontal photographs of the canopy from above, parallel to the soil surface of the plot,
were taken weekly from March (Z2.4) to August (Senescence score 10) using a digital camera. The pictures
were analysed using the BreedPix open access software that outputs the area covered by green tissue as a
percentage of the total area [24]. From this data, the following indices were calculated (Figure 2): early
vigour (calculated as the sum of the weekly single measurements of leaf cover from the first measurement
date (4 March 2015) to the date when plots reached an average of 90% of area covered by leaves (15 April
2015), accumulated green area (calculated as the sum of the weekly single measurements of leaf cover from
the first measurement date (4 March 2015) to the date when plants reached Z6.5 (between 26 June 2015 and
1 July 2015 according to plants’ development in each plot), maximum leaf cover (maximum value of leaf
cover over the season), and stay green (calculated as the sum of the weekly single measurements of leaf
cover from Z6.5 to the last measurement date (7 August 2015).
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Figure 2. Graphic representation of leaf cover indices. Early vigour, as accumulated leaf area until
90% of plot area cover by leaves was reached; accumulated green area, as accumulated leaf area until
flowering; highest cover; and stay green, as accumulated leaf area from flowering to harvest.
Leaf Area Index (L I): measured at soil level at the three crop development stages analysed
(Veg, Pre-A, and Post-A) using a LI-COR LAI-2200 plant canopy analyser (LI-COR, Lincoln, NE, US).
Three measurements were taken between the second and third row of each plot at the 25, 50, and
75 percentiles of plot length and mean values per plot determined.
Height: crop height at the three crop development stages (Veg, Pre-A, and Post-A). Measurements
were taken from the soil to the top most part of the crop, with a single measurement taken per plot.
Peduncle length: the distance between the fl g leaf collar and the bottom of the spike was
measured for three plants p r plot at Post-A and mean values per lot calculated.
Reflectance: measured 75 cm above th canopy at the thr e crop development stag s (Veg, Pre-A, and
Post-A) using a HandySpec System (TEC5, Oberursel, Germany) reflectance meter. From the reflectance
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measurements, a set of traits was calculated, using the software accompanying the HandySpec System
meter: NDVI (Normalized Difference Vegetation Index), Sra (Simple Ratio), RARSa (Ratio analysis of
reflectance Chlorophyll a), RARSb (Ratio analysis of reflectance Chlorophyll b), RARSc (Ratio analysis
of reflectance Carotenoid), NPQI (Normalized pheophytinization index), SIPI (Structural Independent
Pigment Index), PRI (Photochemical Reflectance Index), and WI (Water Index), according to [25].
Gas-exchange analysis: measured at Pre-A and Post-A for the flag leaf in one plant per plot with
a portable infra-red gas analyser (IRGA) system (LI-6400XTR and chamber 6400-40; LI-COR, Lincoln,
NE, USA), using the multiphase flash method [26]. Plant harvest and flag leaf preparation was carried
out according to the methodology described by [27]. Leaf gas exchange parameters were measured at
an ambient CO2 concentration of 400 µmol CO2 µmol air−1; light levels (Photosynthetic Photon Flux
Density, PPFD) of 1800, 1000, 500, 250, and 100 µmol photons m−2 s−1; a vapour pressure deficit of
~0.9 kPa; and a block temperature of 20 ◦C. Maximum net photosynthesis (Amax) was measured at
1200 µmol CO2 µmol air−1 and 1800 µmol photons m−2 s−1. Fluorescence measurements used the
following settings for the multiphase flash method: Ramp 40%, Phase I 300, Phase II 200, Phase III 300,
Target 7, Rate 20 kHz, and Filter 50 Hz.
Flag leaf and plant traits: the flag leaves analysed for gas-exchange measurements were also
used for the following measurements: leaf thickness, length and width, chlorophyll content (SPAD
502, Minolta, Osaka, Japan), flag leaf area, and weight. The harvested plant shoot, used for flag leaf
analysis, was also weighted. The measurements were done at Pre-A and Post-A. At Post-A only, plant
shoot, stem thickness, and the number of green leaves were also determined, as well as the following
spike characteristics: spike dry weight, length, width, presence of awns, and number of spikelets.
In-growing-season biomass analysis: at Post-A, the tillers in a 50 cm row (in the first quarter of
the third row in each plot) were manually harvested, with the following measurements being taken:
tiller count, leaves, stems, and spike dry weight, according to methodology described by [23].
End-of-growing-season biomass analysis: at physiological maturity (Z9.9), the tillers in a 50 cm
row (in the third quarter of the third row in the plot) were manually harvested and tiller count, straw,
spike and grain dry weight, grain moisture, and grain number were measured. The following traits
were calculated: harvest index, grain weight per ear, grain number per ear, thousand-grain weight,
estimated yield, and estimated biomass production [23].
Combine harvest: plants were harvested using a Haldrup-C65 (Haldrup, Le Mans, France) plot
combine. Grain weight for each plot was determined by the combine. Grain moisture was measured
using a sub-sample of grains from each plot, at harvest time, and grain weight was normalized to 15%
moisture content. Grain weight per plot was corrected for the two sections harvested by hand and the
grain yield was estimated in tons per hectare at 85% dry matter.
Phenotypic traits were grouped into four categories: leaf and canopy (leaf cover, leaf area
index, height, peduncle length, flag leaf, and plant characteristics), biomass (in-growing-season
and end-of-growing-season biomass traits and grain yield from the combine), reflectance (reflectance
indices), and gas-exchange (measured and calculated from the IRGA analysis).
2.4. Statistical Analysis
The method of residual maximum likelihood (REML) was used to fit a linear mixed model to
each measured trait to test for any statistically significant (p < 0.05, Chi-squared test) variation due
to first-order auto-regressive spatial trends over the rows and columns in the field design. Predicted
means from the model fitted to each trait were used in subsequent correlation analyses. These are
the means expected in the absence of any spatial trends. Hence, of the traits reported here, some
evidence (p < 0.05, Chi-squared test) of a minor trend over rows was found for net photosynthesis (A)
and stomatal conductance (gs), but only at 1000 and 1800 µmol photons m−2 s−1. Pearson Product
Moment (PPM) correlation coefficients (r) were calculated for all the pairs of traits measured to evaluate
pairwise association (F-tests).
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To compare different strategies of high yield formation, lines were ranked in terms of grain yield.
Also, for each trait, values were ranked as high (upper quartile), intermediate (two intermediate
quartiles), and low (lower quartile). The traits included in this analysis were chosen based on their
correlation to yield, their heritability and variation in the population, and collinearity to other traits.
For the lines in the higher quartile, an investigation of traits influencing the yield was performed.
All statistical analyses were performed using the GenStat 17th Edition software (VSN International
Ltd., Hemel Hampstead, UK).
2.5. Heritability
Broad-sense heritability (H2) was calculated for all the traits measured in each season using
the procedure described by [28], based on the ratio of the between line variance component, Var(L),
to the sum of this plus the residual variance accounting for the three replicates per cultivar, i.e.,
Var(e)/3, as estimated by best linear unbiased predictors (BLUPs), using the results of the linear mixed
model analyses.
2.6. Genetic Variation
The genetic variation of each measured trait was calculated by the ratio of the estimated standard
deviation of the trait (σ) to the estimated trait average (µ), i.e., the coefficient of variation. This
represents a normalized variation of each trait for the mapping population in the growing season.
3. Results
3.1. Traits within the Same Group of Measurements Presented High Collinearity
The total number of measured/calculated traits was over 150 and multiple correlation trends
between traits were observed. The Pearson coefficient (r) indicates the level of correlation between a
pair of traits. It varies from a strong negative correlation (−1) to a strong positive correlation (+1). A
positive correlation between a pair of traits means that increases in one trait are related to increases in
the other. Negative correlations have the opposite meaning, with increases in one trait being related
to decreases in the other or vice versa. As some traits were measured using the same instrument,
at the same time, or were calculated from a single measurement, a common trend of collinearity was
observed within groups of traits. Strong positive and negative correlations were observed between
pairs of traits mainly inside the groups comprising reflectance indices and gas-exchange measurements
(Figure S1). Considering the high number of traits measured in the current study, when collinearity
was high inside a group of traits, the selection of a few or a single trait that significantly correlated to
the trait of interest (grain yield) and to the other group traits was selected for subsequent analysis to
simplify the interpretation of the results.
3.2. Correlation to Grain Yield Varied at Different Developmental Stages
The correlation between grain yield and specific measured traits changed throughout the growing
season depending on the crop developmental stage. This suggests that some traits might be more,
or less, important to the final yield definition in different stages of crop development. A significant
correlation to yield is one of the important characteristics for a trait to be chosen as a potential target for
yield improvement in a breeding programme, as well as high heritability and high genetic variation.
Several traits correlated significantly (p < 0.05, F-test) to yield, but also correlated to other traits in the
same group to which they pertained. For instance, reflectance indices at the Veg stage (NDVI, SRA,
RASRc, and SIPI) correlated positively to yield, but also correlated strongly to each other. The set of
traits presented in Table 1 was selected for their correlation to yield, their high genetic variation, and
high heritability. Traits within the same group that correlated strongly to the selected trait and had a
weaker correlation to yield are not shown.
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Table 1. Pearson correlation coefficients (r) for correlation with grain yield, genetic variation (σ/µ), and heritability (H2) of physiological traits measured in a
double-haploid wheat mapping population grown in the UK.
Leaf and Canopy Biomass
Early Vigour Acc. Green Area Highest Cover Stay Green Leaves Weight(Post-A)
Stem Weight
(Post-A)
Total Biomass
(Post-A)
Correlation (r) 0.27 ** 0.43 *** 0.42 *** 0.26 ** 0.25 ** 0.23 * 0.24 *
Variation (σ/µ) 0.09 0.03 0.01 0.09 0.10 0.09 0.08
Heritability (H2) 0.50 0.77 0.77 0.78 0.42 0.42 0.24
Reflectance Indices
NDVI (Veg) PRI (Veg) WI (Veg) NDVI (Pre-A) PRI (Pre-A) WI (Pre-A) PRI (Post-A) WI (Post-A)
Correlation (r) 0.49 *** 0.48 *** −0.36 *** 0.28 ** 0.44 *** −0.21 * 0.35 *** −0.42 ***
Variation (σ/µ) 0.02 0.70 0.01 0.01 1.98 0.02 0.33 0.01
Heritability (H2) 0.71 0.89 0.57 0.79 0.87 0.70 0.93 0.79
Gas-Exchange
AQ1800 (Pre-A) AQ1000 (Pre-A) AQ500 (Pre-A) AQ250 (Pre-A) AQ100 (Pre-A) Amax (Pre-A) AQ1800 (Post-A) AQ1000 (Post-A)
Correlation (r) 0.28 ** 0.29 ** 0.28 ** 0.28 ** 0.23 * 0.21 * 0.18 * 0.19 *
Variation (σ/µ) 0.07 0.06 0.05 0.04 0.05 0.05 0.07 0.06
Heritability (H2) 0.59 0.61 0.61 0.47 0.28 0.54 0.59 0.61
Traits are grouped according to Leaf and canopy, Biomass, Reflectance indices, and Gas-exchange. Significance levels for correlations are given by an F-test on 1 and 119 degrees of
freedom: * p < 0.05; ** p < 0.01, *** p < 0.001. Genetic variation is calculated as the ratio of the standard deviation (σ) and the average of each trait (µ) and provides a normalized dispersion
index. Heritability (H2) is calculated according to [28] and represents the ratio of the genotypic variance component, Var(L), to the total of this plus the residual variance accounting for the
three biological replicates per genotype, i.e., Var(e)/3. Veg, vegetative growth (Z3.2); Pre-A, pre-anthesis (Z4.5); Post-A, seven days post-anthesis (Z6.5+7 days). NDVI, Normalized
Difference Vegetation Index; PRI, Photochemical Reflectance Index; WI, Water Index. AQ, flag leaf net photosynthesis (A) at ambient CO2 and a light level Q; Amax, net photosynthesis at
1200 µmol CO2 µmol air−1 and a light level of 1800 µmol photons m−2 s−1.
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3.2.1. Leaf and Canopy
Canopy cover and longevity traits correlated positively to grain yield, including: accumulated
green area until Z6.5 (r = 0.43, p < 0.001), highest cover (r = 0.42, p < 0.001, F-test), early vigour
(r = 0.27, p < 0.01, F-test), and stay green (r = 0.26, p < 0.01, F-test) (Table 1). Although accumulated
green area and highest cover showed a similar correlation to yield and heritability (H2 = 0.77 for
both), accumulated green area presented greater genetic variation (σ/µ = 0.03) than highest cover
(σ/µ = 0.01) in the population (Table 1). This can be explained by the fact that although every genotype
covered nearly 100% of the soil area in the plots at their highest cover, there were different rates of
accumulation of green area to reach the highest cover.
3.2.2. Biomass
Plant biomass accumulated at Post-A also correlated positively to grain yield. Biomass
accumulation in stems (r = 0.23, p < 0.05, F-test) and leaves (r = 0.25, p <0.01, F-test), as well as
total plant biomass (r = 0.24, p < 0.05, F-test), correlated to grain yield (Table 1). The positive correlation
between biomass accumulated in stems at Post-A and grain yield may be explained by grain filling
being the period of the greatest availability of dry matter to be re-allocated from the stem to the grain.
Post-A leaf biomass also correlated to Post-A specific leaf area (r = 0.39, p < 0.001, F-test) and leaf area
index (r = 0.42, p < 0.001, F-test), and to stay green (r = 0.54, p < 0.001, F-test). These multiple correlations
reflect a greater capacity to intercept and convert energy Post-A, generating photoassimilates that
sustain grain filling and thus contribute to the grain yield.
3.2.3. Reflectance Indices
NDVI, as a measurement of green biomass, correlated positively to the leaf cover traits, as well
as to the grain yield, at Veg (r = 0.49, p < 0.001, F-test) and Pre-A (r = 0.28, p < 0.01, F-test) (Table 1).
The NDVI correlation to yield decreased during the season (at Post-A, r = 0.17, p = 0.06, F-test).
PRI, an indirect measurement of canopy light use efficiency, correlated to photosynthesis and other
gas-exchange traits, as well as to grain yield at Veg (r = 0.48, p < 0.001, F-test), Pre-A (r = 0.44, p < 0.001,
F-test), and Post-A (r = 0.35, p < 0.001, F-test) (Table 1). WI is a measurement of canopy water stress,
inverse to the canopy water content. This explains its negative correlation to yield, as higher values of
WI are related to a lower canopy water content. WI correlated negatively to yield at Veg (r = −0.36,
p < 0.001, F-test), Pre-A (r = −0.21, p < 0.05, F-test), and Post-A (r = −0.42, p < 0.001, F-test) (Table 1),
suggesting that water could be limiting to the grain yield, especially Post-A.
3.2.4. Gas-Exchange
Pre-A flag leaf photosynthesis (A) measured at all light levels and ambient CO2, as well as high
light and a high CO2 concentration (Amax), correlated positively to grain yield (Table 1). Post-A,
the correlations were less strong and only significant for A measured at light levels higher than 1000
µmol photons m−2 s−1. Pre-A, both A and stomatal conductance (gs) correlated to yield at all light
levels, while Post-A, at light levels equal or above 1000 µmol photons m−2 s−1, A correlated to yield
but gs was not correlated to yield (Table 2). Both Pre-A and Post-A, the correlation between A and gs
was very strong at the high light levels, suggesting a diffusion limitation to CO2 assimilation. This
correlation decreased at lower light intensities, especially at 100 µmol photons m−2 s−1, suggesting
that photosynthesis was limited not just by diffusion, but also by the biochemical pathways involved
in carbon fixation and the light reactions (Table 2).
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Table 2. Pearson correlation coefficients (r) between pre-anthesis (Pre-A; Z4.5) or post-anthesis (Post-A;
Z6.5+7 days) net photosynthesis (A), stomatal conductance (gs), and grain yield in a double-haploid
wheat mapping population grown in the UK.
Light Levels (µmol Photons m−2 s−1)
1800 1000 500 250 100
Pre-A
A-gs 0.92 ** 0.88 ** 0.82 ** 0.76 ** 0.55 **
A-Yield 0.28 ** 0.29 ** 0.28 ** 0.28 ** 0.23 *
gs-Yield 0.22 * 0.21 * 0.21 * 0.21 * 0.21 *
Post-A
A-gs 0.80 ** 0.85 ** 0.77 ** 0.73 ** 0.49 **
A-Yield 0.18 * 0.19 * 0.17 0.12 0.08
gs-Yield 0.16 0.17 0.18 0.16 0.16
Significance levels for correlations are given by an F test on 1 and 119 degrees of freedom: * p < 0.05; ** p < 0.01.
3.3. High Yielding Lines Presented Different Strategies to Build Grain Yield
Lines in the high yielding group (higher quartile for grain yield within the population) presented
different strategies to achieve higher productivity (Table 3), based on the traits with a stronger
correlation to yield (Table 1). Lines relied on increased early vigour and green mass accumulation
with lower photosynthetic rates (e.g., line 223), on the re-allocation of pre-stored biomass to the grain
(e.g., line 223 and 315), and/or on the maintenance of carbon uptake levels in the flag leaf during grain
filling (e.g., line 140).
The highest yielding line in the population (223) presented high canopy cover and longevity,
and high biomass accumulation Post-A, despite having low photosynthesis per leaf area Pre-A and
Post-A (Table 3). Line 246, on the other hand, had low canopy cover and longevity and intermediate
values of accumulated biomass Post-A, but high values for photosynthesis per leaf area both Pre-A and
Post-A. Line 399 presented intermediate values for canopy cover and longevity, biomass accumulated
Post-A, and photosynthesis Pre-A and Post-A. Although the difference between Pre-A and Post-A
photosynthesis did not correlate with grain yield (p < 0.05, F-test; data not shown), line 140, which
maintained similar levels of photosynthesis for Pre-A and Post-A, reached the second highest yield
in the population, supporting the importance of sustained flag leaf photosynthesis throughout
grain filling.
The two parents of the mapping population presented intermediate yields and different patterns
for the analysed traits (Table 3). The photosynthesis patterns in the experiment were consistent with
those observed during the preliminary glasshouse experiments that led to selection of the mapping
population, with Parent 1 presenting higher photosynthesis values than Parent 2 (Figure 1 and Table 3).
The correlations between yield and multiple traits and their variation over the growing season,
as well as the diverse strategies of achieving high yields observed, demonstrate the complexity of the
interaction of many components to determine grain yield and the need for an integrated approach for
its understanding and prediction.
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Table 3. Strategies for yield formation in the 31 highest yielding lines of a double-haploid wheat mapping population grown in the UK.
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Yield
Lines
Early 
vigour
Acc. 
green 
area
Stay 
green
Leaves 
weight 
(Post-A )
Stems 
weight 
(Post-A )
Total 
biomass 
(Post-A )
NDVI 
(Veg )
NDVI
(Pre-A )
PRI x 100 
(Veg )
PRI x 100 
(Pre-A )
PRI x 100 
(Post-A )
WI
(Veg )
WI
(Pre-A )
WI
(Post-A )
Flag Leaf A 
(Pre-A )
Flag Leaf A 
(Post-A )
Yield 
(85% DM)
Correlation to Yield 0.27 0.43 0.26 0.25 0.23 0.24 0.49 0.28 0.48 0.44 0.35 -0.36 -0.21 -0.42 0.30 0.19 -
Line 223 3.2 11.2 3.2 29 79 139 0.92 0.95 -1.5 0.2 -2.1 0.93 0.90 0.79 17.0 15.2 10.7
Line 140 3.3 11.1 3.4 24 56 110 0.92 0.94 -0.4 0.5 -1.8 0.94 0.92 0.79 17.5 17.5 10.7
Line 013 3.1 11.1 3.0 23 69 126 0.93 0.96 0.0 0.8 -1.6 0.94 0.88 0.78 16.8 18.1 10.6
Line 315 3.1 11.2 3.0 29 68 129 0.92 0.95 0.0 0.2 -1.5 0.93 0.91 0.78 17.5 14.7 10.6
Line 022 2.6 10.6 2.5 22 77 144 0.91 0.95 -0.8 0.7 -2.1 0.94 0.90 0.79 17.5 16.2 10.5
Line 331 2.9 10.9 2.9 24 63 124 0.91 0.96 -1.2 0.9 -2.6 0.95 0.91 0.79 18.1 16.6 10.4
Line 405 3.1 10.9 3.0 26 72 133 0.91 0.95 -1.3 0.5 -0.9 0.95 0.92 0.79 18.2 15.7 10.3
Line 367 2.8 11.3 2.9 27 67 132 0.93 0.96 0.1 1.0 -1.7 0.93 0.89 0.78 17.7 15.6 10.2
Line 348 3.5 11.2 3.4 23 68 122 0.92 0.96 -0.3 0.6 -1.5 0.94 0.87 0.79 18.6 16.6 10.2
Line 126 3.2 10.9 3.1 25 67 125 0.92 0.94 -0.4 0.6 -1.3 0.94 0.93 0.78 18.4 16.3 10.2
Line 395 2.6 11.1 2.7 23 68 130 0.93 0.95 -0.2 0.9 -1.1 0.93 0.89 0.78 19.2 16.7 10.2
Line 143 3.0 10.6 2.9 26 73 134 0.91 0.96 -1.7 0.9 -1.2 0.95 0.90 0.79 18.0 17.0 10.2
Line 210 3.2 11.1 3.2 28 74 138 0.91 0.96 -1.3 0.6 -1.9 0.94 0.90 0.78 17.6 14.3 10.2
Line 394 2.3 10.6 2.4 23 74 147 0.93 0.96 -0.4 1.1 -2.3 0.93 0.87 0.79 18.4 14.8 10.2
Line 364 2.8 11.0 2.9 26 76 143 0.92 0.96 -0.2 1.0 -1.5 0.94 0.87 0.80 17.5 14.3 10.2
Line 382 2.6 11.0 2.6 25 72 140 0.92 0.95 -1.0 -0.4 -2.7 0.92 0.89 0.79 18.3 14.0 10.1
Line 246 2.4 10.5 2.4 21 68 133 0.90 0.94 -2.1 0.5 -1.2 0.94 0.88 0.79 19.4 17.8 10.1
Line 031 2.7 10.9 2.7 22 71 137 0.91 0.95 -1.4 0.7 -1.9 0.94 0.89 0.80 19.0 16.3 10.1
Line 366 2.6 11.0 2.6 23 68 133 0.92 0.94 -1.6 0.0 -2.2 0.92 0.91 0.78 17.2 15.0 10.1
Line 226 3.1 11.3 3.1 23 65 117 0.92 0.95 -0.5 0.7 -2.2 0.93 0.89 0.79 18.0 15.9 10.1
Line 239 2.7 10.8 2.8 21 62 116 0.91 0.95 -1.9 0.5 -2.2 0.95 0.91 0.80 18.8 16.2 10.0
Line 208 2.8 11.3 2.9 20 65 118 0.92 0.95 -0.5 0.6 -1.8 0.94 0.92 0.81 18.6 17.6 10.0
Line 034 2.8 10.4 2.8 21 63 117 0.89 0.95 -2.2 1.2 -1.3 0.95 0.90 0.77 17.7 17.1 10.0
Line 060 2.7 10.8 2.8 21 77 138 0.90 0.96 -1.4 0.7 -1.9 0.94 0.87 0.80 17.1 14.3 10.0
Line 036 2.8 11.1 2.7 26 80 151 0.92 0.95 -1.3 -0.8 -2.5 0.93 0.92 0.80 17.0 16.0 10.0
Line 412 3.0 10.7 2.9 26 78 138 0.92 0.96 -0.5 1.1 -0.9 0.95 0.89 0.78 19.0 16.1 10.0
Line 347 2.7 10.0 2.7 21 64 116 0.89 0.94 -2.8 1.2 -1.0 0.95 0.90 0.79 18.5 15.7 10.0
Line 184 2.5 10.7 2.4 22 75 144 0.90 0.94 -1.3 0.9 -1.2 0.94 0.89 0.78 19.9 17.2 10.0
Line 391 2.5 10.9 2.3 19 61 119 0.92 0.94 -1.4 0.5 -2.3 0.93 0.89 0.79 18.9 15.7 10.0
Line 399 2.6 10.7 2.8 25 73 140 0.92 0.96 -0.2 0.9 -2.0 0.94 0.90 0.79 18.3 16.0 10.0
Line 158 3.1 10.9 3.0 27 77 135 0.91 0.95 -1.0 0.4 -1.2 0.94 0.90 0.79 18.0 15.8 10.0
Parent 1 2.8 10.8 2.8 25 66 130 0.92 0.96 0.1 0.5 -1.6 0.95 0.92 0.79 19.0 15.8 9.7
Parent 2 2.5 10.4 2.5 20 71 130 0.88 0.96 -3.4 0.1 -3.5 0.95 0.89 0.80 16.9 14.1 9.5
Mean pop 2.8 10.8 2.8 23 68 129 0.91 0.95 -1.4 0.4 -1.9 0.94 0.90 0.79 17.9 16.0 9.6
STD pop 0.3 0.3 0.2 2 6 10 0.01 0.01 1.0 0.8 0.7 0.01 0.02 0.01 1.0 0.9 0.5
Leaf and Canopy Biomass Reflectance indices Gas-exchange
Traits are grouped according to Le and canopy, Biomass, Reflectance indices, and Gas-exchange, measured at v getative g owth (Veg; Z3.2), pre-anthesis (Pre-A; 4.5), and post-anthesis
(Post-A; Z6.5+7 days). NDVI, Normalized Difference Vegetation Index; PRI, Photochemical Reflectance Index; WI, Water Index; A, flag leaf net photosynthesis average for all light levels at
Pre-A and Post-A (µmol CO2 m−2 s−1). Leaf and canopy and reflectance traits are dimensionless, Biomass (g per 50 cm row), and Yield (t ha−1). For each trait, the lines were ranked
according to the quartil s f the trait values: green arrow upwards (upper quartile), yellow arrow to the right (two intermediate quartiles), and red arrow downwards (lower qu rtile).
Mean pop, trait mean value for the whole population; STD pop, trait standard deviation for the whole population (n = 121).
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4. Discussion
A double-haploid wheat mapping population was grown in the field in the UK to identify
phenotypic drivers of the grain yield. Grain yield correlated with multiple traits at different scales,
from leaf to canopy, depending on the crop development stage. The results demonstrate the existence
of different strategies to reach high yields and the need to phenotype field grown plants across the
growing season. The results are discussed in terms of the multiple correlations between traits and their
influence on yield.
4.1. Main Drivers of Yield
At the leaf and canopy level, early vigour, accumulated green area, and stay green correlated
positively with yield. These traits determine the length of the period over which plants will intercept
light and be able to convert it into biomass, thus, indirectly, these traits contribute to both εi [29] and to
εc [14] by extending the period over which plants are photosynthetically active. Consequently, these
traits contribute to increasing plant biomass and crop yields. The positive correlation of NDVI with
grain yield is also related to εi and εc as it represents green area cover.
For the biomass allocation patterns, the weight of leaves, stems, and the whole plant Post-A
correlated positively with yield. Biomass traits result from the combined εi and εc, and represent a
source of biomass to be reallocated to the spike (sink) during the grain filling process, thereby affecting
εp. This is in agreement with the fact that the reallocation of carbohydrates stored in plant organs,
together with flag leaf photosynthesis, are important drivers of grain yield formation in wheat [30],
mainly Post-A, when the grain development starts. Additionally, the weight of leaves is also correlated
to εc as it is linked to the photosynthetic apparatus capacity.
Collectively, the statistically significant (p < 0.05, F-test) correlations between the various
phenotypic traits and yield were not remarkably high, with r being generally lower than 0.50. This
confirms the underlying intuition that many drivers contribute to the formation of yield, rather
than one individual component being a sole, strongly associated candidate. This is also reinforced
by the multiple strategies found to reach a high yield. Mapping these strategies is crucial to
understanding possible combinations of traits to reach high yields and how those strategies can
be chosen to reach or maintain yields in different environments and under different climatic scenarios
and environmental pressures.
4.2. Photosynthesis and Yield
The selection of a population generated from parents with contrasting photosynthetic
characteristics enabled variation in this trait to be exploited to understand its influence on yield.
The average variation (σ/µ) of photosynthesis in the population was around 5.2% at Pre-A and
Post-A. Other gas-exchange traits presented larger or smaller variation than photosynthesis, such as
the stomatal conductance (12%) and maximum quantum efficiency of PSII in light adapted leaves
(Fv’/Fm’) (1.7%).
Free-air CO2 enrichment (FACE) experiments showed that increased photosynthetic rates result
in yield increases, when other conditions are not limiting [31]. In the present study, Pre-A and Post-A
photosynthesis correlated with yield, with stronger correlations being observed for photosynthetic
traits measured Pre-A than Post-A; these traits are representative of εc. Correlations between
photosynthesis and yield have been previously reported in wheat [32–36]. The correlations of PRI
and WI to grain yields are also related to εc as they are linked to LUE, stomatal conductance, and leaf
water status.
In wheat, flag leaf photosynthesis Pre-A was generally higher than it was Post-A, as also reported
by [36]. The decrease from Pre-A to Post-A was around 12% at light levels of 1800, 1000, and 500; 8% at
250; and 3% at 100 µmol photons m−2 s−1. There was an interaction between lines and development
stages for photosynthesis, suggesting different patterns for the reduction in photosynthesis from Pre-A
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to Post-A between the lines, although the difference in photosynthetic rates between the two growth
stages was not significantly correlated to yield (p < 0.05, F-test).
The reduction in photosynthesis resulting from reduced light levels was very similar over the
lines and there was no correlation between the reduction pattern and yield. Rates of photosynthesis
were highly correlated to stomatal conductance at light levels above 250 µmol photons m−2 s−1, but
the correlation was weaker at the lower light level of 100 µmol photons m−2 s−1 (Table 2). These
results agree with the notion that stomatal conductance limits photosynthesis at a range of light levels
and that biochemical limitations are relatively more prominent as the light reaches low levels [37].
Broad-sense heritability estimated for photosynthesis measured at the various light levels was on
average 0.51. A similar value has been reported by [38] and this value is also within the range reported
by [36]. The heritability estimate for photosynthesis decreased with light level (Table 1), suggesting a
smaller effect of the genetic background in defining the phenotype at the lower light level (100 µmol
photons m−2 s−1). This might explain the lower correlation between photosynthesis and yield at
lower light levels, as grain yield was strongly linked to the genetic background with a broad-sense
heritability of 0.73.
4.3. Canopy vs. Leaf Photosynthesis
Considering its correlation to yield and natural variation, photosynthesis is currently a major
target trait in breeding for higher yields [39]. However, phenotyping leaf gas-exchange traits in detail
for large populations under field-grown conditions can be challenging, given the length of time taken
to perform the measurements and the plant responses to climatic conditions and circadian rhythms.
In the current work, the methodology proposed by [27] contributed to standardizing measuring
conditions and allowed a reliable method to assess gas-exchange traits in field grown plants. Despite
the improved methodology, measuring gas-exchange at the leaf level, using infra-red gas analysers
(IRGAs), is still a time-consuming process. Reflectance indices have been proposed as high-throughput
estimators of photosynthetic traits at the top of the canopy. For the double-haploid population, flag
leaf photosynthesis and PRI presented a reasonable positive correlation Pre-A (r = 0.46, p < 0.001)
and Post-A (r = 0.20, p < 0.01) and gs and WI were negatively correlated Post-A (r = −0.19, p < 0.05).
Correlations between PRI and yield were higher than the correlations between flag leaf photosynthesis
and yield (Table 1). As reviewed by [14], measurements of canopy, rather than leaf photosynthesis,
tend to correlate more strongly to yield.
PRI estimates reflect a response from the top layers of the canopy, which varies with varying
light intensities. Flag leaf photosynthesis represents a small portion of the total plant photosynthesis,
and in very specific conditions of light, which explains the relatively low correlation values between
PRI and flag leaf photosynthesis and the difficulties in modelling one based on the other, as also
observed by [40,41]. Flag leaf photosynthetic characteristics cannot be extended to the entire canopy as
PRI cannot be used to understand specific changes in the carbon assimilation behaviour at the leaf
level. We conclude that both gas-exchange and reflectance traits are valuable to the understanding
of plant behaviour and yield formation, at different levels, and should be used together to assist
breeding programs.
5. Conclusions
Grain yield was strongly correlated to multiple traits related to sunlight interception and
conversion, and to biomass allocation, with different traits contributing most at key stages along
the crop growth cycle. The great majority of the mapped traits were related to conversion efficiency, εc,
a current target in crop breeding. The results presented here support the use of photosynthesis, at the
leaf and canopy scale, as a target trait for the breeding of high yielding wheat cultivars. High yielding
lines had different strategies to achieve higher productivity, which highlights the complexity of grain
yield formation. This manuscript provides evidence for the need to phenotype photosynthetic traits at
multiple scales, leaf to canopy, and multiple development stages, vegetative, pre-, and post-anthesis.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/6/94/s1,
Figure S1: Matrix of Pearson correlation coefficients (r) for pairs of traits measured in a double-haploid wheat
mapping population grown in UK.
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